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Abstract
Muscular dystrophy is characterized by progressive skeletal muscle weakness and dystrophic muscle exhibits degeneration and
regeneration of muscle cells, inflammation and fibrosis. Skeletal muscle fibrosis is an excessive deposition of components of the
extracellular matrix including an accumulation of Collagen VI. We hypothesized that a reduction of Collagen VI in a muscular
dystrophy model that presents with fibrosis would result in reduced muscle pathology and improved muscle function. To test this
hypothesis, we crossed γ-sarcoglycan-null mice, a model of limb-girdle muscular dystrophy type 2C, with a Col6a2-deficient mouse
model. We found that the resulting γ-sarcoglycan-null/Col6a2Δex5 mice indeed exhibit reduced muscle pathology compared with
γ-sarcoglycan-nullmice. Specifically, fewermusclefibers are degenerating,fiber size varies less, Evans bluedyeuptake is reduced and
serumcreatinekinase levels are lower. Surprisingly, in spite of this reduction inmusclepathology,muscle function isnot significantly
improved. In fact, grip strength andmaximum isometric tetanic force are even lower in γ-sarcoglycan-null/Col6a2Δex5mice than in
γ-sarcoglycan-nullmice. In conclusion, our results reveal that Collagen VI-mediated fibrosis contributes to skeletalmuscle pathology
in γ-sarcoglycan-null mice. Importantly, however, our data also demonstrate that a reduction in skeletal muscle pathology does not
necessarily lead to an improvement of skeletal muscle function, and this should be considered in future translational studies.

Introduction

Limb-girdle muscular dystrophy type 2C (LGMD2C) manifests
clinically as a progressive muscle weakness with calf hyper-
trophy, elevated serum creatine kinase (CK) levels and onset

occurs during childhood (1). This form of muscular dystrophy is
caused by autosomal recessive mutations in the γ-sarcoglycan
gene (SGCG; OMIM #253700), which encodes the transmembrane
protein γ-sarcoglycan (γ-SG) (2). Together with α-SG, β-SG, δ-SG
and sarcospan, γ-SG forms the SG complex in cardiac and skeletal
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muscle. This assembly of proteins contributes to stability of the
sarcolemmalmembrane in striatedmuscle and is part of the dys-
trophin–glycoprotein complex (DGC) (3). The DGC is present on
the plasma membrane of muscle cells, where it links dystrogly-
can ligands within the extracellular matrix (ECM) to the cytoskel-
eton, thereby protecting muscle cells from contraction-induced
injury (4). Deficiency of the SG proteins results in perturbation
of the SG complex and in the development of a progressive mus-
cular dystrophy (2,5–7). Muscle biopsies from patients with
LGMD2C show signs of muscle fiber degeneration and regener-
ation (e.g. a high percentage of fibers with central nuclei and ex-
tensive variation inmuscle fiber size), and increased endomysial
and perimysial fibrosis.

Severalmousemodels lacking functional γ-SG have been gen-
erated (8,9). One is characterized by profoundly dystrophic mus-
cles, the development of membrane disruptions in young mice,
and premature death at ∼20 weeks of age due to cardiomyopathy
(8). A second γ-SG-nullmousemodel inwhich the same exonwas
targeted presents with similar phenotypic features related to
skeletal and heart muscle degeneration, dystrophic changes in
muscle, and interstitial fibrosis, yet these mice survive to over 1
year of age and exhibit progressive muscle hypertrophy starting
at 12 weeks of age (9). The reasons for the differences in pheno-
type between these models remain unclear.

Fibrosis, an excessive accumulation of collagens and other
ECM components, is a hallmark of many muscular dystrophies,
including LGMD2C. One of the proteins deposited in the skeletal
muscle ECM during fibrosis is Collagen VI (10). This is a microfi-
brillar protein that is present in many ECMs, including that of
skeletal muscle, where it is concentrated in and adjacent to the
basement membrane and contributes to maintaining the integ-
rity of skeletal muscle. Collagen VI is composed of three distinct
α-chains encoded by separate genes, COL6A1, COL6A2 and
COL6A3. Mutations in all three, both dominant and recessive,
are associated with hereditary muscle disorders termed the Col-
lagen VI-related myopathies, including Bethlem myopathy (11),
Ullrich congenitalmuscular dystrophy (12) andmyosclerosismy-
opathy (13). The clinical phenotypes of patients with Collagen VI-
related myopathies are highly variable. For example, patients
with Bethlemmyopathy presentwithmildweakness of the prox-
imal muscles and flexion contractures of the long fingers, elbows
and ankles (14). Ullrich congenital muscular dystrophy is a more
severe phenotype characterized by, next tomuscleweakness and
wasting, proximal joint contractures, distal hyperlaxity and nor-
mal intelligence (15).

Currently, the exact function of Collagen VI is still unknown.
Collagen VI closely associates with the basement membrane
around muscle cells and interacts in vitro with Collagen IV (16)
and perlecan (17). Thus, it has been hypothesized that Collagen
VI acts as an anchor for attachment of the basement membrane
to the surrounding ECM and as such Collagen VI maintains base-
mentmembrane functional integrity. In linewith this,muscle bi-
opsies of patientswith amutation in one of the Collagen VI genes
show basement membrane abnormalities, including uneven-
ness, extension and folding, and overproduction of the basal
lamina (18). Secondly, Collagen VI seems to be involved in tissue
remodeling (19), wound healing (20), fibrosis (10) and muscle cell
adhesion through its interactions with integrins (21) and the pro-
teoglycan NG2 (22). Interestingly, when cultured in vitro, myogen-
ic cells (both proliferating myoblasts and differentiating
myotubes) are unable to deposit Collagen VI. Instead, Collagen
VI is produced by the resident interstitial muscle fibroblasts (23).

Several mouse models have been generated for study of the
Collagen VI-related myopathies. The first of these, which was

described over 15 years ago, is a Col6a1-deficient mouse that
produces no α1(VI) mRNA and in which Collagen VI protein is
not deposited in the ECM. Muscles of both heterozygous and
homozygous mice feature fiber necrosis and phagocytosis, pro-
nounced variation in fiber size, and an increased percentage of
centrally nucleated fibers. However, aside from these histopatho-
logical changes, no obvious phenotype is detected, and as such
the mouse model is regarded a good representation of the mild
Bethlem myopathy (24). Many years later, two additional Colla-
gen VI mouse models were generated, both targeting the Col6a3
gene. One of these (the Col6a3hm/hm mouse) expresses a very low
level of a non-functional α3(VI) mRNA, which results in the ab-
sence of Collagen VI from the ECM. Again, the myopathic path-
ology of these mice is limited (25). The second Col6a3 mouse
model lacks Exon 16 of the Col6a3 gene (Col6a3+/d16), mimicking
themost common autosomal dominant mutation in Ullrich con-
genital muscular dystrophy patients. Mice heterozygous for this
allele produce similar levels of the normal Col6a3 mRNA and an
mRNA transcript with an in-frame deletion of 54 bp. The mutant
α3(VI) protein exerts a dominant-negative effect on assembly
of Collagen VI chains. The myopathic phenotype of these
Col6a3+/d16 mice, and of Col6a3d16/d16 mice is again mild (26).

To study the consequences of Collagen VI deposition in the
ECM of skeletal muscle during the development ofmuscular dys-
trophy, we crossed a γ-SG-nullmousemodel with amousemodel
carrying an in-frame deletion of Exon 5 of the Col6a2 gene
(Col6a2Δex5 mice). Both mouse models were recently generated
in our lab. We hypothesized that Collagen VI ablation in a mus-
cular dystrophymousemodel that features a significant amount
of fibrosis would ameliorate the muscle pathology, thereby re-
storing some muscle function. We found that the γ-SG-null/
Col6a2Δex5 mice indeed exhibited reduced muscle pathology,
including reductions in the number of regenerating muscle
fibers, variation in fiber size, Evans blue dye (EBD) uptake by
skeletal muscles, and serum CK levels. However, muscle func-
tion was not improved, as assessed by measurements of grip
strength and maximum isometric tetanic force.

Results
γ-SG-null mice exhibit severe muscle pathology
including fibrosis

To study the pathogenesis of LGMD2C and to further unravel the
function of γ-SG, we developed a γ-SG-null mouse model in our
laboratory.We generated thismousemodel using a targeting vec-
tor that contains Exon 2 followed by a fragment of Intron 2, and
then a neomycin resistance cassette flanked by two loxP sites
(Supplementary Material, Fig. S1A). Loss of γ-SG was confirmed
by immunofluorescence staining, as well as the absence of α-
SG, β-SG and δ-SG from the sarcolemma. Hematoxylin and
eosin (H&E) staining showed that our γ-SG-null mice have severe
muscle pathology similar to that commonly observed in patients
withmuscular dystrophy. It is characterized by a high percentage
of centrally nucleated fibers and fiber size variation (Fig. 1A). In
addition, high levels of serum CK levels were measured, both at
baseline (Fig. 1B; P < 0.001) and 2 h after the mice completed a
downhill exercise regime (Fig. 1B; P < 0.05). These features are in-
dicative of a disruption of membrane integrity, a defect often ob-
served in dystrophic muscles, although in our model this
disruption did not seem to worsen after exercise.

As fibrosis is a hallmark of many muscular dystrophies, we
also studied the muscles of our γ-SG-null mice by staining with
Sirius red, a dye that binds to the [Gly-X-Y]n helix of fibrillar
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Figure 1. γ-SG-null mice exhibit severe muscle pathology including fibrosis. (A) Representative micrographs of H&E-stained muscles fromWT and γ-SG-null mice (20–30

weeks of age). (B) Serum CK levels inWT and γ-SG-null mice (20 weeks of age) at baseline (pre-exercise) and 2 h after being subjected to a downhill exercise regime (post-

exercise). *P < 0.05 and ***P < 0.001. (C) Representative micrographs of Sirius red-stained muscles from WT and γ-SG-null mice (20–30 weeks of age). (D) Representative

micrographs of Collagen VI-stained muscles from WT and γ-SG-null mice (20–30 weeks of age). (E) Quantification of Sirius red-stained and Collagen VI-stained

quadriceps muscles from WT and γ-SG-null mice (20–30 weeks of age). *P < 0.05. Samples shown in (A, C and D) were prepared and processed simultaneously, and

images were taken at the same exposure level. Scale bar: 100 μm. Closed circles represent male mice, and open circles represent female mice in (B and E).
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collagens, andmainly detects collagens I and III. We observed an
increase in Sirius red staining in the ECMof allmuscles examined
in the γ-SG-null mice (Fig. 1C; quantification of Sirius red staining
shown in Fig. 1E). We next performed immunofluorescence ana-
lysis of Collagen VI. In the γ-SG-nullmicewe detected Collagen VI
deposition in the ECM of several muscles; in wild-type (WT)mice
this deposition was restricted to the basement membrane
(Fig. 1D; quantification of Collagen VI staining in Fig. 1E). Finally,
we used immunofluorescence to examine the deposition of peri-
ostin, a non-collagen ECM component, in the γ-SG-null mice.
Periostin, normally expressed in lowamounts inmuscle, is an ad-
hesivemoleculewithin the ECM and is activated by transforming
growth factor-β (TGF-β). It can directly interact with Collagen I,
and has been proposed to regulate Collagen I fibrillogenesis
(27). Periostin levels were increased in our γ-SG-null mice (Sup-
plementary Material, Fig. S2). Collectively these results show
that the γ-SG-null mouse model we have generated presents
with severe muscle pathology including an increase in depos-
ition of fibrous connective tissue, consisting of at least collagens
I and III (detected by Sirius red staining), Collagen VI and
periostin.

Col6a2Δex5 mice present with a mild pathology

Previously described mouse models of Collagen VI-associated
disease were generated by producing mutations in the Col6a1

and Col6a3 genes (24–26). As mutations in COL6A2 are also asso-
ciated with disease, we generated a Col6a2 mouse model to test
the contribution of this protein to the Collagen VI myopathies.
Specifically, we used a targeting vector containing Exon 5 of
Col6a2, and a neomycin resistance cassette flanked by two loxP
sites (Supplementary Material, Fig. S1B). The Col6a2Δex5 mice
carry an in-frame deletion of Exon 5, and mimic an autosomal
dominant Col6a2 mutation found in a patient with Ullrich con-
genital muscular dystrophy (point mutation c.801G>A; does not
result in an amino acid change, but skips Exon 5, as the affected
nucleotide is part of the splice donor site). Homozygous mutants
featured reduced Collagen VI staining in muscles, but heterozy-
gotes appeared normal in this respect (Fig. 2A). This differs
from the phenotype in the patient biopsy, where Collagen VI
staining was reduced at specific locations of the basement mem-
brane (data not shown). Moreover, we did not observe the mislo-
calization of Collagen VI with markers of the basement
membrane that is typically seen in muscle biopsies of many pa-
tients with dominant-negative COL6 mutations. H&E staining of
12-week-oldmice revealed limitedmuscle pathology in homozy-
gous Col6a2Δex5 mice, including the presence of some centrally
nucleated fibers (5–10%), variation in fiber size, and endomysial
fibrosis (Fig. 2B). Inmice over 1 year of age, themuscle phenotype
remained mild, but was variable; variability was apparent when
differentmuscles of an individual mousewere compared, as well
as when similar muscles were compared across multiple mice.

Figure 2. Col6a2Δex5 mice present with a mild pathology. (A) Representative micrographs of Collagen VI (green) and perlecan-stained (red) quadriceps muscles fromWT

(+/+), heterozygous (+/−) and homozygous (−/−) Col6a2Δex5 mice (12 weeks of age). (B) Representative micrographs of H&E-stained muscles fromWT (+/+), heterozygous

(+/−) and homozygous (−/−) Col6a2Δex5 mice (12 weeks of age). (C) Serum CK levels in WT (+/+), heterozygous (+/−) and homozygous (−/−) Col6a2Δex5 mice (50 weeks of

age) at baseline (pre-exercise) and 2 h after downhill exercise (post-exercise). Closed circles representmalemice. Samples shown in (A andB)wereprepared and processed

simultaneously, and images were taken at the same exposure level. Scale bar: 100 μm.
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Although only a small group of mice over 1 year of age has been
tested thus far, the observed percentage of centrally nucleated fi-
berswas 5–30% (data not shown). Finally, serumCK levels inmice
carrying an Exon 5 deletion in Col6a2 were similar to those inWT
littermates, both at baseline and 2 h after downhill exercise
(Fig. 2C). Thus, homozygous Col6a2Δex5 mice present with a
mild pathology, and deletion of Col6a2 Exon 5 does not seem to
affect sarcolemmal integrity.

Decreasedmuscle pathology in γ-SG-null/Col6a2Δex5mice

Our analysis of fibrous connective tissue in the γ-SG-null mouse
model showed that one of the proteins thatwere increasingly de-
posited was Collagen VI (Fig. 1D and E). We observed a similar ef-
fect in the ECM of several other models of muscular dystrophy,
including the mdx mouse model of Duchenne muscular dys-
trophy and the Largemyd mouse model of the dystroglycanopa-
thies (data not shown). Although other studies have supported
a role for Collagen VI during fibrosis (10), such a function has
not been studied extensively in the context of muscular dys-
trophy progression. To elucidate the roles of Collagen VI during
skeletal muscle fibrosis and in muscle pathology and muscle
function, we crossed our Col6a2Δex5 mice with the γ-SG-null
mice. In the offspring (WT; Col6a2Δex5 = Col6; γ-SG-null = γ-SG;
γ-SG-null/Col6a2Δex5 = γ-SG/Col6), we first confirmed the pres-
ence or loss of γ-SG in muscle by western blotting, and that of
Collagen VI staining in the basement membrane by immuno-
fluorescence analysis (Supplementary Material, Fig. S3A and B).
Next, we examined the extent of fibrosis using Sirius red staining.
This revealed a decrease in Collagens I and III in the muscles of
γ-SG/Col6 mice versus γ-SG mice (Fig. 3A; quantification of Sirius
red staining of quadriceps muscles shown in Fig. 3G). Further,
H&E staining (Fig. 3B) and perlecan/4′,6-diamidino-2-phenylin-
dole (DAPI) immunofluorescence analysis (Supplementary
Material, Fig. S3B) were performed to visualize and quantify the
percentage of centrally nucleated fibers and variation in fiber
size, respectively. Quantification of central nuclei and muscle
fiber diameters suggest that the γ-SG/Col6mice havemildermus-
cle pathology compared with γ-SG mice; the number of regener-
ating muscle fibers was significantly reduced (Fig. 3C; P < 0.0001)
and in three out of four muscles tested (diaphragm, quadriceps
and tibialis anterior), fiber size varied (Fig. 3D; P < 0.0001). We
also performed EBD uptake assays after a 30 min exercise regime
(mice of all genotypes were able to finish this protocol), and ob-
served less uptake by the skeletal muscles of γ-SG/Col6 mice ver-
sus γ-SG mice (Fig. 3E). These data are consistent with the serum
CK levels we measured in these mice. Both at baseline and 2 h
after exercise, serum CK levels were significantly lower in γ-SG/
Col6 mice versus γ-SG mice (Fig. 3F; P < 0.01). In conclusion, the
presence of a Col6a2Δex5 mutation in γ-SG-null mice prevented
the muscle pathology otherwise observed in these animals.

Muscle function in γ-SG-null/Col6a2Δex5 mice is not
improved

To determine the effect of a Col6a2 mutation onmuscle function
in γ-SG-null mice, we performed grip strength analysis andmea-
sured specific force production and force recovery following eight
lengthening contractions (LCs) in the four different genotypes.
Surprisingly, in spite of the observed rescue of pathology in the
γ-SG/Col6 mice, grip strength (both two-limb and four-limb)
was significantly lower in these animals than in their γ-SG litter-
mates (Fig. 4A; P < 0.0001). This difference was not significantly
affected by accounting for body weight (data not shown). As

Col6mice also presentedwith significantly reduced grip strength,
we conclude that the presence of the Col6a2Δex5 mutation has a
major impact on grip strength. To determine whether other SG-
deficient mouse models also present with normal grip strength,
we tested the α-SG-null and δ-SG-null mouse models, which are
available in our laboratory (28, 29). At 8–10weeks of age, bothmod-
els showa significant reduction in four-limb grip strength (Supple-
mentaryMaterial, Fig. S4; P < 0.0001). It will be interesting to test all
three SG-null mouse models at later time points to determine
whether the muscle function in γ-SG-null mice decreases with
age. Next, we examined specific force production in the extensor
digitorum longus (EDL) muscle of these mice. This analysis re-
vealed slight reduction in force production in γ-SG mice versus
γ-SG/Col6 mice (Fig. 4B; P < 0.05). As specific force production by a
muscle is dependent on muscle mass and fiber length, we also
comparedmaximum isometric tetanic forces among the four gen-
otypes and detected significantly lower tetanic force in γ-SG/Col6
mice versus γ-SG mice (Fig. 4C; P < 0.0001). Except in the case of
the WT mice, all muscle from all of the mice exhibited a similar
force deficit after eight LCs, as well as similar force recovery
(Fig. 4D). These ex vivo tests suggest that both the Col6a2mutation
and loss of γ-SG impact muscle function. Thus, muscle function
appears not to be improved in γ-SG-null mice with a homozygous
Col6a2Δex5mutation, regardless ofwhether tested ex vivo or in vivo.

γ-SG-null mice exhibit increases in both energy
expenditure and lean mass

Skeletal muscle contributes significantly to whole-body energy
metabolism as it is one of the most important tissues involved
in whole body glucose uptake, especially when insulin levels
are high. In addition, skeletal muscle is a major contributor of
resting energy expenditure (EE) (30). Therefore, we decided to
monitor themetabolic rate of ourmice for 24 h using the compre-
hensive lab animal monitoring system (CLAMS). Oxygen con-
sumption (VO2), carbon dioxide production (VCO2) and the
respiratory exchange ratio (RER; the ratio between the amount
of oxygen consumed and the amount of carbon dioxide
produced, which indicates whether carbohydrate or fat is meta-
bolized), did not differ across genotypes. Notably, EE was signifi-
cantly higher in γ-SG mice than in γ-SG/Col6 mice (Fig. 5A;
P < 0.01). This difference in EE could not be explained by differ-
ences in activity (Fig. 5B) or food intake (Supplementary Material,
Fig. S5). As changes in EE may affect body composition, we next
determined the body weight of the mice and performed nuclear
magnetic resonance (NMR) analysis to measure differences in
body composition among the four genotypes. Whereas γ-SG/
Col6 mice had a lower body weight than γ-SG mice, a high-lean
mass in the latter might account for this (Fig. 5C; P < 0.0001). Our
results indicate that increased EE does not necessarily lead to
reduced body weight. However, the fat mass of most γ-SG mice
was lower than that of the γ-SG/Col6 mice. The higher body
weight of γ-SG mice might be accounted for by muscle hyper-
trophy, as was observed in another γ-SG-null mouse model (9).
Indeed, the combined weight of the gastrocnemius muscle,
quadriceps muscle and tibialis anterior muscle was significantly
higher in γ-SG mice than in γ-SG/Col6 mice (Fig. 5C; P < 0.05).

γ-SG-null mice that carry a heterozygous Col6a2Δex5
mutation have decreased muscle pathology, but not
muscle function

Our Col6a2mousemodels an autosomal dominant patientmuta-
tion, yet in heterozygous form this mutation results in no or very
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little muscle pathology. Given this mild phenotype, our studies
thus far were carried out in homozygous mutant mice. However,
considering the greatly reduced grip strength in the homozygous
Col6a2Δex5 mice, we wondered whether the presence of a single
Col6a2Δex5 allelewould reduce themuscle pathologyof the γ-SG-
null mice without causing deterioration of muscle function. We,
therefore, tested muscle pathology (percentage of centrally nu-
cleatedfibers and variation infiber size), serumCK levels (at base-
line and 2 h after downhill exercise) and grip strength (two-limb
and four-limb-grip strength) in γ-SG-null mice heterozygous for
the Col6a2Δex5 mutation. The results for muscle pathology and
the serumCK levels looked promising, with the presence of a het-
erozygous Col6a2 mutation associated with reductions in the
percentage of regenerating muscle fibers (Supplementary Mater-
ial, Fig. S6A; P < 0.0001), variation in fiber size (Supplementary
Material, Fig. S6B; P < 0.0001) and serum CK levels (Supplemen-
tary Material, Fig. S6C; P < 0.01), both pre- and post-exercise,
relative to those in γ-SG-null mice. Nevertheless, grip strength
was not significantly improved (Supplementary Material,
Fig. S6D; P < 0.0001). Thus, although reduced deposition of Colla-
gen VI in the ECM of γ-SG-null mice reduces muscle pathology,
the effect of the Col6a2mutation onmuscle function is detrimen-
tal, regardless of whether heterozygous or homozygous.

Discussion
The main goal of the current study was to investigate whether
a reduction of fibrosis, due to a Collagen VI deficiency, would re-
duce muscle pathology and improvemuscle function in amouse
model of muscular dystrophy. Our initial analysis of a γ-SG-null
mouse line and a Col6a2Δex5mouse line showed that the pheno-
types of these models are quite similar to those previously
reported for other γ-SG-null (8,9) and Col6a1 and Col6a3 mutant
(24–26) mouse models. However, with regard to longevity, our
γ-SG-null mouse more closely resembles that generated by
Sasaoka et al. (9) than that produced by Hack et al. (8), as these
mice live well beyond 20 weeks of age. Despite the overt path-
ology, our γ-SG-null mice have grip strength comparable to that
ofWTmice.Webelieve that potential hypertrophyof themuscles
of our γ-SG-null mice, as suggested by the increase in the weight
of skeletal muscle, may explain the normal grip strength we ob-
serve. Consistent with this possibility, we observed only a small
decrease in specific force production and an increase in max-
imum isometric tetanic force (in mice tested at 14–18 weeks of
age). Although Hack et al. (31) reported no changes in force deficit
in their γ-SG-null mouse model (13–16 weeks of age), this may be
due to the use of a protocol involving fewer LCs and a lower per-
centage of lengthening.

Our Col6a2Δex5 mice present with a mild muscle phenotype.
This is consistent with reports of other Collagen VI mouse mod-
els displaying a mild, sometimes progressive, muscle phenotype
(24–26). Also, reduction inmuscle contractile function was found
in other Collagen VI mutant mouse models. However, whereas

our Col6a2Δex5 mouse model presents with reduced grip
strength and increased force deficit after eight LCs, neither
Col6a3 mouse model showed a significant reduction in force
after five eccentric contractions. Instead, the Col6a3hm/hm mice,
which produce a non-functional Col6a3, presented with signifi-
cantly reduced specific force production by the EDL muscle
(25,26). Unfortunately, grip strength was not determined in
these two mouse models. Again, the differences observed are
most likely due to differences in the protocols employed tomeas-
ure outcomes. Our discovery of increased EE in γ-SG-null mice is
not surprising, given that similar results have been found in
other muscular dystrophy mouse models, including the mdx
mousemodel of Duchennemuscular dystrophy (32). An increase
in EE can most likely be explained by the impact of the disease
process, which involves continuous cycles of degeneration and
regeneration, on energy metabolism. Metabolic disorders such
as obesity can affect the process of skeletal muscle repair (33),
and it was recently shown that in mice with increased EE, a com-
pensatory mechanism involving fiber-type switching, increased
mitochondrial fission–fusion, and increased glucosemetabolism
had been activated (34). Thus, increased EE in the γ-SG-null
mice may contribute to disease progression. Interestingly, EE in
γ-SG-null/Col6a2Δex5micewas comparable to that inWTandCo-
l6a2Δex5 littermates. It is possible that the milder sarcolemmal
disruption in γ-SG-null/Col6a2Δex5 mice versus γ-SG-null mice
accounts for the reduction in muscle necrosis, regeneration and
growth that occurs in these animals, and that the consequences
for whole body energy metabolism are thus also more limited.

Our approach of reducing Collagen VI deposition in the
skeletal muscle ECM through homozygous or heterozygous
deficiency of Col6a2 could not improve the muscle function in
γ-SG-null mice. Yet this study shows that Collagen VI-mediated
fibrosis impacts skeletal muscle pathology, and the effect of
this Collagen VI modulation on muscle pathology was greater
than anticipated. The role of Collagen VI in skeletal muscle fibro-
sis in muscular dystrophy development will require further
study. Notably, Collagen VI functions in the ECM of many other
tissues than skeletal muscle, and we can obtain important clues
regarding pathways and mechanisms involved from studies per-
formed in these sites. For example, Collagen VI is the predomin-
ant collagen in the ECM of adipose tissue, where it provides
mechanical support. However, in the diabetic state, Collagen VI
and several other adipose tissue ECM components are up-regu-
lated, resulting inmechanical stress on the adipocytemembrane.
This can eventually result in necrosis, the recruitment of macro-
phages, and an inflammatory response. When Col6a1 was
removed from this scenario, individual adipocytes expanded in
uninhibited fashion, inflammation was reduced, and whole-
body energy homeostasis was significantly improved (19). We
have not yet investigated inflammation in the skeletal muscle
of our mouse models, but will be interested to determine the ef-
fect of the Col6a2Δex5mutation on the inflammatory response in
the skeletal muscles of our γ-SG-null mice.

Figure 3.Muscle pathology is decreased in γ-SG-null/Col6a2Δex5mice. (A) Representativemicrographs of Sirius red-stained quadricepsmuscles fromWT, Col6, γ-SG and γ-

SG/Col6mice (14–20 weeks). (B) Representativemicrographs of H&E-stained quadricepsmuscles fromWT, Col6, γ-SG and γ-SG/Col6mice (14–18 weeks). (C) Quantification
of the percentage of regenerating muscle fibers (CNFs, centrally nucleated fibers) in muscles from WT, Col6, γ-SG and γ-SG/Col6 mice (14–18 weeks). ****P < 0.0001. (D)

Quantification of fiber size variation (VC = variance coefficient; 1000 × standard deviation of minimal Feret’s diameter/mean of minimal Feret’s diameter) in muscles

from WT, Col6, γ-SG and γ-SG/Col6 mice (14–18 weeks). ****P < 0.0001. (E) Representative micrographs of EBD uptake (red) and perlecan (green) immunofluorescence

staining in quadriceps muscles from WT, Col6, γ-SG and γ-SG/Col6 mice (12–16 weeks) after exercise. (F) Serum CK levels in WT, Col6, γ-SG and γ-SG/Col6 mice (10–12

weeks), both at baseline (pre-exercise) and 2 h after downhill exercise (post-exercise). **P < 0.01 and ****P < 0.0001. (G) Quantification of Sirius red-stained quadriceps

muscles from WT, Col6, γ-SG and γ-SG/Col6 mice (14–20 weeks). *P < 0.05. Samples shown in (A, B and E) were prepared and processed simultaneously, and images

were taken at the same exposure level. Scale bar: 100 μm (A and B) or 200 μm (E). Closed circles represent male mice, and open circles represent female mice in (C, D, F

and G).
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It may be prudent to test an alternative approach of Collagen
VI modulation in γ-SG-null mice. Such an approach should not
only prevent Collagen VI deposition in the skeletal muscle ECM
as early as possible, preferably prior to any fibrotic tissue depos-
ition, but also maintain correct association between Collagen VI
and the basement membrane surrounding the muscle fibers.
Possible approaches would be the inhibition of collagen synthe-
sis and that of procollagen processing. Some agents affecting
these processes have already been tested, mainly for Collagen
type I. For example, the administration of analogues of proline,
which constitutes ∼10% of the amino acid content of collagens,
has been shown to limit the accumulation of collagen in the
lungs during pulmonary oxygen toxicity (35). Another possibility
is the inhibition of bone morphogenetic protein-1 (BMP-1), the
enzyme that cleaves C-terminal propeptides, and thus prevents
fibril formation (36). Several uncertainties about such approaches
exist, however. For example, whether the non-functional colla-
gen molecules produced by these strategies will be deposited in

the skeletalmuscle ECM and affectmuscle pathology andmuscle
function remains to be determined. In addition, some of these
options are associated with significant toxicity (33). Should lim-
itationswith such approaches prove too great to be overcome, an-
other option might involve taking advantage of the fact that
Collagen VI is produced by interstitial muscle fibroblasts (23), i.
e. targeting those. The disadvantage to such a strategy is that
eliminating these cells could potentially affect other ECMcompo-
nents as well. The same disadvantage concerns BMP-1, which
processes a number of non-collagen macromolecules (37,38) in
addition to procollagens.

One of the most interesting findings of our study is that redu-
cingmuscle pathology (in this case by reducing Collagen VI levels
and thereby reducing fibrosis), does not necessarily result in the
normalized muscle function. γ-SG-null/Col6a2Δex5 mice present
with lowgrip strength and maximum isometric tetanic force
compared with γ-SG-null mice, in spite of the fact that muscle
pathology (including serum CK levels and EBD uptake) was

Figure 4. Themuscle function in γ-SG-null/Col6a2Δex5mice is not improved. (A) Two-limb and Four-limb grip strength inWT, Col6, γ-SG and γ-SG/Col6mice (8–10weeks).

****P < 0.0001. (B) Specific force production in WT, Col6, γ-SG and γ-SG/Col6 mice (14–18 weeks). *P < 0.05. (C) Maximum isometric tetanic force in WT, Col6, γ-SG and γ-SG/

Col6mice (14–18 weeks). *P < 0.0001. (D) Force deficit and force recovery following eight lengthening contractions inWT (n = 8), Col6 (n = 7), γ-SG (n = 6) and γ-SG/Col6 (n = 9)

mice (14–18 weeks). Data are shown as mean ± standard error of the mean. Closed circles represent male mice, and open circles represent female mice in (A–C).
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significantly reduced. Col6a2Δex5mice, whosemuscle pathology
is even milder, also exhibited impaired grip strength and lower
maximum isometric tetanic force. Our data suggest that muscle
pathology and function are not directly related in the Collagen VI
mouse model. In some studies, decreasing fibrosis seems suffi-
cient to restore muscle function. For example, gene transfer of

β-SG in the LGMD2E mouse model improved histological out-
comes such as the percentage of centrally nucleated fibers, vari-
ation in fiber size and collagen deposition, and also restored
tetanic force and force deficit (39). However, this approach was
aimed at restoring the primary defect in LGMD2E. It will be inter-
esting to test grip strength, specific force production and force
deficit in δ-SG-null mice lacking the Postn gene, which encodes
periostin. In these Sgcd−/−Postn−/− mice, histopathology was im-
proved and serum CK levels were lower than those in δ-SG-null
mice. However, with regard to muscle function, only the time
to fatigue by forced treadmill runningwas tested; no experiments
testing muscle contractile function were performed (40). Since
considerable basic research and some clinical trials currently
focus on improving secondary defects associated with muscular
dystrophy development, such as reduction of inflammation (41)
or oxidative stress (42) and modulation of the TGF-β pathway,
which plays an important role in the degeneration/regeneration
response (43), it will be important to study bothmuscle pathology
and function to determine whether a therapeutic agent amelio-
rates disease. Ultimately, combination treatments that target
both simultaneously may offer the best therapeutic approach
for many types of muscular dystrophy. For example, a recent
study showed a promising outcome when gene replacement of
micro-dystrophin was combined with delivery of the myostatin
inhibitor follistatin for muscle enhancement (44).

In conclusion, this study shows that Collagen VI-mediated
fibrosis contributes to skeletal muscle pathology in γ-SG-null
mice. Notably, our data also reveal a disconnect between muscle
pathology and muscle function, and this should be considered in
future studies in both the basic research field and clinical trials.

Materials and Methods
Animals

WT littermates of the same genetic background and gender as the
test animalswere used as controls. In all studies, the experimenter
was blinded to the genotypes of individualmice. Animal care, eth-
ical usage andprocedureswere approved by theNational Institutes
of Health and the Animal Care Use and Review Committee at the
University of Iowa, and were performed in strict accordance with
these protocols. At the University of Iowa, all mice are housed so-
cially (unless single housing is required), under specific pathogen-
freeconditions inanAssociation forAssessmentandAccreditation
of Laboratory Animal Care (AAALAC) accredited animal facility.
Housing conditions are as specified in the Guide for the Care and
Use of Laboratory Animals (National Research Council). Specifical-
ly, mice are housed on high-efficiency particulate air-filtered ven-
tilated racks, in solid bottom cages (Thoren Caging Systems, Inc.,
Hazleton, PA, USA) with mixed paper bedding. A standard 12 h/
12 h light/dark cycle is used. Standard rodent chow (HarlanLabora-
tories, Indianapolis, IN, USA) and water are available ad libitum.

Generation of γ-SG-null mice

Genomic fragments of the mouse γ-SG gene were obtained from
bacterial artificial chromosome (BAC) clones isolated by polymer-
ase chain reaction (PCR) screening of the CITB Mouse BAC DNA
pool (#96021RG; Life Technologies, Carlsbad, CA, USA). A 4 kb frag-
ment containing Exon 2 was used for the 5′-homologous arm, and
a 2 kb fragment from Intron 2 was used for the 3′-homologous
arm. These fragments were assembledwith a phosphoglycerol ki-
nase promoter-thymidine kinase cassette, a neomycin resistance
cassette from a pcDNA3 plasmid (Agilent Technologies, Santa

Figure 5. γ-SG-null mice exhibit increases in both EE and leanmass. (A) VO2 VCO2,

RER and EE were recorded every 10 min inWT, Col6, γ-SG and γ-SG/Col6 mice (12–

14 weeks) for 24 h. Average values for 24 h are shown. **P < 0.01. (B) x-axis (total

and ambulant) and z-axis activities of WT, Col6, γ-SG and γ-SG/Col6 mice (12–14

weeks) were recorded for 24 h. Total values for 24 h are shown. (C) The total

body weight, fat mass and lean mass of WT, Col6, γ-SG and γ-SG/Col6 mice (12–

14 weeks) was determined by NMR analysis. ****P < 0.0001. The combined

weight, shown as the percentage of total body weight, of the gastrocnemius,

quadriceps and tibialis anterior muscles from WT, Col6, γ-SG and γ-SG/Col6

mice (12–14 weeks) was determined after careful dissection. *P < 0.05. Closed

circles represent male mice, and open circles represent female mice in (A–C).
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Clara, CA, USA) flanked by two FLP (flippase) protein recombined
sites, one loxP site 5′of Exon 2 and a second loxP site 3′ of the
neomycin resistance cassette into a pBluescript IISK(−) plasmid
(Agilent Technologies). The ClaI-linearized construct was electro-
porated into W4/129S6 ES cells (Taconic Biosciences, Hudson, NY,
USA). Successful homozygous recombination at the 5′ and 3′ sides
of the insertionwas confirmedbyPCRusing the followingprimers:
5′-homologous recombination: F1, TAGCCGAAGAGAACAAAGCC
AGAACAAACG and R1, GCAGCGCATCGCCTTCTATCGCCTTCTT;
the 3′-homologous recombination: F2, GATCCTGCCCCGGCACTT
CGCCCAATAG and R2, CCTCACCCCTGCCCTCCTGTCATGCCTTCC;
the WT and the Exon 2-targeted alleles: F3, TTCTGCTCCCTTC
CCCTCCCCGCTCTGA, R3–1, GCGAGATTCACAACGAGGATGGCGAG
CAGGAGA, R3–2, TCGGGAAACCTTTTGGGCCTGGCATACT. In suc-
cessfully recombined clones, the F1 and R1 and F2 and R2 primer
pairs yielded bands of 8002 and 4151 bp, respectively. The F3 and
R3–1 and F3 and R3–2 primer pairs produced bands of 326 bp from
aWT locus, and of 376 bp from an Exon 2-targeted locus, respect-
ively. The presence of coexisting random integrations of the tar-
geting vector in recombinants was ruled out by Southern blot
analysis, with a neomycin resistance cassette-encoding probe de-
tecting only a single band on two independent restriction enzyme
digests (BglII and EcoRI; datanot shown). Correctly targeted ES cells
were transfected with pCAGGS-FLPe to remove the neomycin re-
sistance cassette. These γ-SG-floxed ES cells were further trans-
fected with an EIIa Cre expression vector to remove the floxed
Exon 2. The targeted clonewasmicroinjected into C57BL/6J blasto-
cysts, and chimeric mice were obtained. These mice were subse-
quently bred onto a C57BL/6J background for five generations.
Genotyping of the γ-SG-null micewas carried out by PCR. The for-
wardprimer 5′-ATTCCCTCGAACCTTCTGCT-3′ and the reversepri-
mer 5′-ATGTCCCATGATGCTCCAGT-3′ yield a 887 bp product from
theWTallele and a 180 bpproduct from the γ-SG-null allele. Geno-
typing was confirmed by western blot analysis of skeletal muscle
with a γ-SG antibody.

Generation of Col6a2Δex5 mice

Genomic fragments of themouse Col6a2 genewere isolated from
a 129-Sv genomic library. The Exon 5 coding region of Col6a2 was
replaced by (i) a neomycin resistance cassette driven by the phos-
phoglycerol kinase promoter and flanked by FLP protein recom-
bination sites and (ii) the Exon 5 coding region of Col6a2
flanked by loxP sites. The resulting targeting vector was linear-
ized and electroporated into mouse 129/Sv embryonic stem
cells. Neomycin resistant cell clones were screened by PCR, and
positive clones were microinjected into C57BL/6J blastocysts.
The resulting chimeric mice were crossed with C57BL/6J mice to
obtain germline transmission of the homologous recombined
Col6a2 allele. Next, Col6a2 mice were bred (i) with transgenic
mice carrying a Cre recombinase gene driven by the adenovirus
EIIa promoter (#003724; Jackson Laboratory, Bar Harbor, ME,
USA) to delete Exon 5 of the Col6a2 gene and (ii) with transgenic
mice carrying a flippase recombinase gene driven by the Gt
(ROSA)26Sor promoter (#009086; Jackson Laboratory) to remove
the neomycin resistance gene, resulting in the generation of
Col6a2Δex5 mice. These mice were subsequently bred onto a
C57BL/6J background for five generations. Genotyping of the Col6a2
Δex5micewas carried out by PCR. The forward primer 5′-ATGCAAA
AGGATGGAGGAAA-3′ and the reverse primer 5′-GCCCCATCA
GAGTTCAGTGT-3′ yield a 1819 bp product from the WT allele
and a 443 bp product from the Col6a2Δex5 allele. Genotyping
was confirmed by immunofluorescence analysis of skeletal mus-
cle co-stained with antibodies against Collagen VI and perlecan.

Antibodies

The following antibodies were obtained from the listed sources:
anti-Collagen type VI (70R-CR009x; Fitzgerald Industries Inter-
national, Acton, MA, USA); anti-heparan sulfate proteoglycan/
perlecan clone A7L6 (RT-794; Thermo Fisher Scientific,Waltham,
MA, USA); anti-periostin (ab92460; Abcam, Cambridge, MA, USA).
The mouse monoclonal antibody against γ-SG (35DAG/21B5) was
generated in collaboration with Louise V.B. Anderson (Newcastle
General Hospital, Newcastle upon Tyne, UK).

Histological and immunofluorescence analysis

Mice were euthanized by cervical dislocation. Muscles (dia-
phragm, gastrocnemius, quadriceps and tibialis anterior) were
dissected and frozen in isopentane cooled to −165°C in liquid ni-
trogen, or fixed overnight in 4% paraformaldehyde and embed-
ded in paraffin by the Comparative Pathology Laboratory of the
University of Iowa. For H&E staining, seven-micron cryosections
were cut and fixed in 10% neutral buffered formalin (Thermo
Fisher Scientific) for 5 min. After fixation, the slides werewashed
for 5 min under runningwater, followed by H&E staining consist-
ing of several incubations with dH2O, ethyl alcohol and xylene, a
1 min incubation in hematoxylin and a 20 s incubation in eosin.
For Sirius red staining, five-micron paraffin sectionswere cut, fol-
lowed by Sirius red staining consisting of several incubations
with ethyl alcohol and xylene, and a 30 min incubation in 0.1%
Sirius red F3B, C.O. 35730 (1A 280; ChromaGesellschaft, Germany)
in saturated picric acid (Sigma-Aldrich, St Louis, MO, USA) Both
H&E- and Sirius red-stained sections were analyzed by light mi-
croscopy (Carl Zeiss Microscopy LLC, Thornwood, NY, USA). Im-
munofluorescence analysis was performed on seven-micron
cryosections. Slides were blocked in 3% bovine serum albumin
(BSA; Jackson ImmunoResearch, West Grove, PA) in phosphate-
buffered saline (PBS) for 30 min, followed by overnight incubation
in 1% BSA/PBS containing the antibody of interest. Sections were
analyzed by fluorescencemicroscopy (Carl ZeissMicroscopy LLC)
or using a VS120-S5-FL slide scanner microscope (Olympus, Cen-
ter Valley, PA, USA) with the VS-ASW software (version 2.6.). The
percentage of centrally nucleatedmuscle fibers and the fiber size
diameter (minimal Feret’s diameter) were determined onmuscle
sections co-stained with perlecan and DAPI (Sigma-Aldrich).
Quantitative analysis was performed using the slide scanner
microscope software (VSDEsktop software version 2.6.). For
each individual mouse and each individual muscle, at least 500
fibers were analyzed, with the experimenter blinded to the geno-
types of individual mice. For quantification of Sirius red staining,
two regions of interest per tissues were saved as TIFFs tagged
image file format and imported into ImageJ. Images were split
into three channels (red, green and blue). The areas of the red
and green regions were then calculated using ImageJ, and the
relative fibrotic area was expressed as the ratio of red to green
areas. For quantification of Collagen VI immunofluorescence
staining, three regions of interest per tissue were saved as TIFFs
and imported into ImageJ. Each was converted to an 8-bit image
and thresholded using identical settings. The Analyze Particles
function was used to measure the area of fluorescent signal.

Serum CK assay

Blood was collected by facial submandibular vein bleeds using
Goldenrod 4 mm lancets (MEDIpoint, Inc., Mineola, NY, USA)
and Microvette CB 300 tubes (Sarstedt Ag & Co, Newton, NC,
USA). Blood was collected either before exercise or 2 h post-exer-
cise, and the experimenter was blinded to the genotypes of

1366 | Human Molecular Genetics, 2016, Vol. 25, No. 7



individual mice. For the downhill exercise regime, the mice were
exercised with an adjustable variable-speed belt treadmill with a
built-in shock grid from OmniPacer (Accuscan Instruments, Inc.,
Columbus, OH, USA). Mice were first acclimatized at a speed of
3 m/min for 5 min. Next, they were exercised at 15 m/min for
10 min, all at a 15° declination. Minimally 24 h were allowed be-
tween blood collections from the same mouse. Red blood cells
were pelleted by centrifugation at 10 000g for 5 min, and serum
was collected and analyzed immediately without freezing.
Serum was diluted 1:49 (v:v) to ensure that activity levels were
within the limits of the assay. Serum CK assays were performed
in triplicate, using the CK Liqui-UV Test (Stanbio Laboratory,
Boerne, TX, USA) according to the manufacturer’s instructions.
Absorbance at 340 nm was measured every 30 s for 2 min at
37°C, so that changes in enzyme activity could be calculated.

Western blot analysis

Skeletal muscle was homogenized using a Brinkmann Polytron
Homogenizer (PT 10-35; Thermo Fisher Scientific), in 10 volumes
of homogenization buffer (20 m sodium phosphate monobasic,
20 m sodium pyrophosphate, 0.303  sucrose, 2 m ethylene-
diaminetetraacetic acid, 1 mMgCl2, pH 7.1). Subsequently, sam-
ples were spun for 7 min at 10 000 rpm at 4°C (rotor JA20.1;
Beckman Coulter, Brea, CA, USA) to remove non-homogenized
material. Next, total microsomes were isolated from the
supernatant by ultra-centrifugation for 22 min at 45 000 rpm at
4°C (rotor MLA-80; Beckman Coulter). The microsomes were
washed twice with KCl wash buffer (50 m Tris, 0.303  sucrose,
0.6 KCl, pH 7.4), with each wash step followed by another ultra-
centrifugation step. Finally, KCl-washedmicrosomeswere resus-
pended in 0.303  sucrose, 20 m Tris-maleate, at pH 7.0. All
buffers contained the following protease inhibitors: pepstatin A
(0.6 μg/ml), aprotinin (0.5 μg/ml), leupeptin (0.5 μg/ml), phenyl-
methylsulfonyl fluoride (0.1 m), benzamidine (0.75 m), calpain
inhibitor I (2 μ) and calpeptin (2 μ). Protein samples were sepa-
rated by 3–15% sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride membranes
(ImmobilonFL-Membrane;Millipore, Billerica,MA,USA). Themem-
branes were blocked in 5% milk in Tris-buffered saline containing
0.1% Tween-20 (TBS-T) and incubated with primary antibodies.
Next, blots were washed with TBS-T and incubated with dye-
conjugated secondary antibodies (Rockland Immunochemicals,
Inc., Boyertown, PA, USA). After washing, blots were imaged using
the Odyssey Imaging System (LI-COR, Lincoln, NE, USA).

EBD uptake

Fifty microliters of EBD solution, dissolved in PBS and sterilized by
passage through a 0.2 μm membrane filter, were injected into the
tail vein of the mice. The concentration of the injected dye was
0.5 mg EBD/0.05ml PBS. Three hours after injection, the mice were
exercised on an adjustable variable-speed belt treadmill with a
built-in shock grid from OmniPacer (Accuscan Instruments, Inc.).
Mice were first acclimatized at a speed of 3 meters/min for 5 min.
Next, they were exercised at a 15° declination for (i) 5 min at 10m/
min, (ii) 5 min at 15 m/min, (iii) 5 min at 20 m/min and (iv) 10 min
at 25meters/min. All micewere able to finish this exercise protocol.
Twenty-four hours later, the mice were euthanized by cervical dis-
location, and the quadriceps muscles were dissected and frozen in
isopentane cooled to −165°C in liquid nitrogen. Finally, seven-
micron muscle sections were incubated in ice-cold acetone at
−20°C for 10min, washed in PBS three times for 10min each and
analyzed by fluorescence microscopy (Carl Zeiss Microscopy LLC).

Grip strength (two-limb and four-limb) analysis

For the two-limb (triangular trapeze bar) and four-limb (flatmesh
pull bar) grip strength tests, mice were examined using a grip
strength meter (Columbus Instruments, Columbus, OH, USA).
The test was repeated five consecutive times within the same
session, and the average of all trials was recorded. A minimum
recovery period of 72 h was provided between the two-limb and
four-limb tests. The experimenter was blinded to the genotypes
of individual mice.

Force measurement

Contractile properties of EDLmusclesweremeasured ex vivo. The
mice were anesthetized with an intraperitoneal injection of 2%
avertin (0.015 ml/g body weight), after which the EDL muscle
was removed with tendons attached. The distal tendon was
tied to a dual-mode servomotor (Aurora Scientific, Inc., Aurora,
ON, Canada) using a 6-0 suture, and the proximal tendon was
clamped to a fixed-force transducer (Aurora Scientific, Inc.).
Next, the muscle was submerged in an oxygenated bath (95%
O2 and 5% CO2) containing Ringer’s solution (pH 7.4) at 25°C.
Using twitches with pulse duration of 0.2 ms, the current of
stimulation and the muscle length were increased to achieve
the maximum isometric twitch force and optimal length (L0), re-
spectively. The fiber length (Lf ) was then determined bymultiply-
ing L0 by the ratio of the fiber length-to-muscle length. Next,
while stimulating the EDLmuscle for 300ms, the stimulation fre-
quency was increased until the force reached a plateau at max-
imum isometric tetanic force (P0). Finally, the injury after eight
LCs was assessed by subjecting the EDL muscle to one LC every
3 min. Each LC consisted of maximally activating the muscle at
Lf, then stretching the muscle at a strain of 30% of Lf with a vel-
ocity of 1 Lf/s. Themusclewas returned to L0 at the same velocity.
The force deficit was measured at 3, 15, 30 and 45 min after the
eighth LCs. The total fiber cross-sectional area and specific
force (kN/m2) were calculated using muscle mass, Lf and P0. The
force deficit was defined as the difference between pre-LC force
and post-LC force. Throughout the procedure, the experimenter
was blinded to the genotypes of individual mice.

Metabolic cages

Mice were moved to the CLAMS (Columbus Instruments, Colum-
bus, OH, USA) and acclimated for ∼96 h. Next, food intake, indir-
ect calorimetry (VO2, VCO2, RER (VCO2/VO2), EE [calorific value
(CV) × VCO2; CV = 3.815 + 1.232 × RER]) and x- and z-axis activity
were measured over a 24 h period. The light/dark cycle and the
temperature were constant before and during the experiment.

Nuclear magnetic resonance analysis

Fat mass and lean mass were assessed by time-domain-NMR.
Non-sedated mice were placed into a vented plastic canister,
which was next placed into the NMR machine (Bruker Minispec
LD90, Bruker Optics, Inc., Billerica, MA, USA).

Statistical analysis

The data were compared using unpaired Student’s t-test or ana-
lysis of variance followed by Holm–Sidak multiple-comparison
tests when significance was detected (P < 0.05). Statistical ana-
lysis was performed using the SigmaPlot software (version
12.0.; Systat Software, Inc., Chicago, IL, USA), which determines
if testing assumptions are met (Shapiro–Wilk normality and
equal variance testing).
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